An NMRA-like protein regulates gene expression in Phytophthora capsici to drive the infection cycle on tomato by Pham, Jasmine et al.
                                                              
University of Dundee
An NMRA-like protein regulates gene expression in Phytophthora capsici to drive the
infection cycle on tomato
Pham, Jasmine; Stam, Remco; Heredia, Victor Martinez; Csukai, Michael; Huitema, Edgar
Published in:






Publisher's PDF, also known as Version of record
Link to publication in Discovery Research Portal
Citation for published version (APA):
Pham, J., Stam, R., Heredia, V. M., Csukai, M., & Huitema, E. (2018). An NMRA-like protein regulates gene
expression in Phytophthora capsici to drive the infection cycle on tomato. Molecular Plant - Microbe Interactions,
31(6), 665-677. https://doi.org/10.1094/MPMI-07-17-0193-R
General rights
Copyright and moral rights for the publications made accessible in Discovery Research Portal are retained by the authors and/or other
copyright owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with
these rights.
 • Users may download and print one copy of any publication from Discovery Research Portal for the purpose of private study or research.
 • You may not further distribute the material or use it for any profit-making activity or commercial gain.
 • You may freely distribute the URL identifying the publication in the public portal.
Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.
MPMI Vol. 31, No. 6, 2018, pp. 665–677. https://doi.org/10.1094/MPMI-07-17-0193-R
An NMRA-Like Protein Regulates Gene Expression
in Phytophthora capsici
to Drive the Infection Cycle on Tomato
Jasmine Pham,1,2 Remco Stam,3 Victor Martinez Heredia,1 Michael Csukai,4 and Edgar Huitema1,2,†
1Division of Plant Sciences, University of Dundee, Dundee DD2 5DA, U.K.; 2Dundee Effector Consortium, James Hutton
Institute, Invergowrie, Dundee DD2 5DA, U.K.; 3School for Life Sciences, Weihenstephan Technische Universita¨t Mu¨nchen,
Freising, Germany; and 4Syngenta, Jealott’s Hill International Research Centre, Bracknell, U.K.
Accepted 6 February 2018.
Phytophthora spp. cause devastating disease epidemics on im-
portant crop plants and pose a grave threat to global crop
production. Critically, Phytophthora pathogens represent a
distinct evolutionary lineage in which pathogenicity has been
acquired independently. Therefore, there is an urgent need to
understand and disrupt the processes that drive infection if we
aspire to defeat oomycete pathogens in the field. One area that
has received little attention thus far in this respect is the reg-
ulation of Phytophthora gene expression during infection. Here,
we characterize PcNMRAL1 (Phyca11_505845), a homolog of
the Aspergillus nidulans nitrogen metabolite repression regu-
lator NMRA and demonstrate a role for this protein in pro-
gression of the Phytophthora capsici infection cycle. PcNmrAL1
is coexpressed with the biotrophic marker gene PcHmp1 (haus-
torial membrane protein 1) and, when overexpressed, extends
the biotrophic infection stage. Microarray analyses revealed
that PcNmrAL1 overexpression in P. capsici leads to large-scale
transcriptional changes during infection and in vitro. Impor-
tantly, detailed analysis reveals that PcNmrAL1 overexpression
induces biotrophy-associated genes while repressing those as-
sociated with necrotrophy. In addition to factors controlling
transcription, translation, and nitrogen metabolism, PcNMRAL1
helps regulate the expression of a considerable effector rep-
ertoire in P. capsici. Our data suggests that PcNMRAL1 is
a transcriptional regulator that mediates the biotrophy to
necrotrophy transition. PcNMRAL1 represents a novel factor
that may drive the Phytophthora disease cycle on crops. This
study provides the first insight into mechanisms that regulate
infection-related processes in Phytophthora spp. and provides a
platform for further studies aimed at disabling pathogenesis
and preventing crop losses.
Plant-pathogenic oomycetes cause devastating diseases on a
wide range of plants important in food production, forestry, and
natural ecosystems. For example, Phytophthora infestans, the
causal agent of late blight on potato and tomato, continues to
cause multibillion dollar losses each year (Birch and Whisson
2001; Nowicki et al. 2012). Other economically devastating
pathogens in the genus include P. sojae and P. capsici, the major
disease-causing agents of soybean and pepper, respectively.
The vast economic damage that Phytophthora pathogens cause
have driven and continue to drive efforts to understand the basic
processes involved in pathogenicity (Kamoun et al. 2015).
Detailed phenotypic and cytological studies have greatly aided
our understanding the biology of Phytophthora diseases. Generally,
the Phytophthora infection cycle starts with the formation of
penetration hyphae from motile spores (zoospores) that have
encysted or from sporangia. Upon ingress of susceptible host tis-
sue, Phytophthora hyphae first grow and colonize the apoplast
while extending protrusions (haustoria) that breach the cell-wall
barrier and give rise to an intimate interface with the plant cell
membrane that is thought to facilitate extensive signaling ex-
changes andmaintain the biotrophic infection phase (Mendgen and
Hahn 2002). Despite pathogen ingress, a lack of plant cell death is
evident during this early stage, indicating the presence of mecha-
nisms that, on the one hand, allow suppression of host defense
signaling cascades while, on the other hand, tightly control de-
velopmental processes associated with disease progression. Indeed,
comparisons between multiple genome sequences, those from
Phytophthora in particular, have provided a blueprint of the com-
ponents that are generally required for disease and development
(Haas et al. 2009; Lamour et al. 2012a; Pais et al. 2013). Following
biotrophy, Phytophthora infection features a distinct necrotrophic
phase that is marked by death and tissue collapse, culminating in
the production of sporangia, which, on dispersal, initiate a new
infection cycle (Birch and Whisson 2001; Lamour et al. 2012b;
Tyler 2007). Although infection on the phenotypic level has been
well described, the molecular mechanisms driving disease devel-
opment in this important group of pathogens is yet elusive.
Previously, we have defined and described dramatic changes in
P. capsici gene expression associated with its distinct infection
stages, the biotrophic phase from 0 to 24 h postinoculation (hpi),
when few phenotypic symptoms are visible, and the necrotrophic
phase from 24 hpi onward, resulting in cell death and tissue
collapse (Jupe et al. 2013). Detailed microarray analyses of a
tomato infection time course revealed that a large set of differ-
entially expressed genes (DEGs) feature stage-specific changes
in transcript levels, possibly underpinning hemibiotrophy in
P. capsici. An analysis of stage-specific gene expression helped
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identify a suite of 57P. capsici genes on the basis of coexpression
with PcHmp1 (P. capsici haustorial membrane protein 1), a ho-
molog of the well-defined marker of biotrophy in P. infestans
PiHmp1, and 209 genes associated with the onset of necrotrophy,
as defined by coexpression with PcNpp1 (Avrova et al. 2008).
This and other studies detailing Phytophthora gene-expression
analyses have led to the view that gene regulation is tightly
controlled and required for successful infection and disease
progression. Critically, despite the importance of regulation, little
is known about the factors or mechanisms that drive stage-specific
gene expression during infection and how this is linked to disease
progression on host plants.
We hypothesized that transcriptional regulators (TRs), which
specify gene expression during biotrophy, are coexpressed with
PcHmp1 and help regulate the infection cycle. To test this hypoth-
esis, we selected and characterized an NMRA (nitrogen metabolic
regulation A)-like protein–coding gene (referred to as PcNmrAL1
from here on) as a candidate TR that is coexpressed with PcHmp1.
The role of NMRA-like proteins in gene regulation has been
well-studied in fungi (Andrianopoulos et al. 1998; Dunn-Coleman
et al. 1981; Lamb et al. 2004, 2003; Stammers et al. 2001; Tomsett
et al. 1981). Given the role of fungal NMRA-like proteins in
transcriptional regulation, the link with pathogenicity and
virulence in fungal plant pathogens, and the apparent biotrophy-
associated expression of PcNmrAL1, we chose to further in-
vestigate PcNMRAL1 function in P. capsici. In particular, we
asked whether PcNMRAL1 acts as a TR during the biotrophic
infection phase.
Overexpression of PcNmrAL1 coupled with virulence assays,
microarray analysis of a time course infection assay, and gene
ontology (GO) analysis of DEGs was used to investigate the role
of PcNMRAL1 in regulating gene expression in P. capsici during
infection of host tomato leaves. Infection assays using strains
overexpressing PcNmrAL1 showed a negative impact on visible
lesion growth. Detailed gene expression analyses subsequently
helped establish de-regulation of both biotrophy and necrotrophy-
associated gene expression, suggesting a dual role for PcNMRAL1
in the regulation of gene expression and disease progression.
Further interrogation of genes found to be differentially expressed
in the PcNmrAL1-overexpressing line compared with a control
line was used to link altered expression of transcription factors
(TFs), TRs, and effector proteins, as well as genes involved in
nitrogen metabolism to the changes in gene expression and viru-
lence we observed. Taken together, our results suggest that
PcNMRAL1 mediates the biotrophy to necrotrophy transition
and, thus, represents a novel factor that may drive the Phytoph-
thora disease cycle on crops. This study provides a first insight
into the mechanisms that regulate infection-related processes in
Phytophthora spp. and provides a platform for further studies
aimed at disabling pathogenesis and preventing crop losses.
RESULTS
PcNmrAL1 is expressed during biotrophy.
Previous work in our lab identified a set of 57 P. capsici genes
for which expression was correlated with PcHmp1 (Jupe et al.
2013). Within this list of 57 genes, we identified a candidate TR
(Phyca11_505845) annotated as containing an NAD(P)-binding/
NmrA-like domain (P. capsici LT1534 v11.0, PFAM domain
PF05368, InterPro domains IPR008030 and IPR016040).
Querying the PcNMRAL1 sequence against the ProDom pro-
tein domain family database (release 2012.1) also gave matches
to NMRA-like family ProDom domains (Supplementary Table
S1). In Aspergillus nidulans, the NMRA protein (AnNMRA) has
previously been well-characterized and has been shown to act as
a TR of nitrogen metabolism. Sequence analyses revealed 22.4%
identity, and 33.3% similarity of PcNMRAL1 to AnNMRA,
while BLASTP and TBLASTN searches of PcNMRAL1 against
proteins of other Phytophthora species revealed the presence of
similar NMRA-like proteins (Supplementary Table S2).
To confirm expression of PcNmrAL1 during biotrophy, we
measured the expression of both PcNmrAL1 and PcHmp1 across
an infection time course. For this purpose, inoculation experiments
were performed with two wild-type P. capsici strains, LT1534 and
LT6535, and tissue was harvested for RNA extraction at 8, 16, and
24 hpi. Quantitative reverse transcription-polymerase chain re-
action (qRT-PCR) revealed that, at the timepoints measured, levels
of PcNmrAL1were highest 8 hpi and were lower (relative to 8 hpi)
at 16 and 24 hpi (Fig. 1A and B). Consistent with biotrophy-
associated expression of PcNmrAL1, PcHmp1 featured highly
similar gene expression patterns, suggestive of coregulation in the
biotrophic phase (Fig. 1A and B). Furthermore, gene expression
patterns of PcNmrAL1 and PcHmp1 were similar in both LT1534
and LT6535, demonstrating that our observations are both re-
producible and isolate-independent. Comparison of PcNmrAL1
expression levels between mycelia grown in vitro and the early
infection stages on tomato confirmed induction of PcNmrAL1
expression during biotrophy (Supplementary Fig. S1). Taken to-
gether, our results firmly demonstrate biotrophy-associated ex-
pression of PcNmrAL1, implying a role in infection.
Overexpression of PcNmrAL1 affects
lesion development in planta.
We hypothesized that overexpression of PcNmrAL1 would lead
to misregulation of genes normally required for disease, which, if
Fig. 1. Endogenous PcNmrAL1 and PcHmp1 are coexpressed during early
infection. Gene expression levels of PcNmrAL1 and PcHmp1 in the Phy-
tophthora capsici strains A, LT1534 and B, LT6535 on infection of tomato
leaves over a time-course infection assay were measured by quantitative
reverse transcription-polymerase chain reaction and are shown relative to
the 8 h postinoculation (hpi) timepoint. Data shown is the average of four
biological replicates in the LT1534 background and six biological replicates
in the LT6535 background. Error bars represent standard error of the means.
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true, could result in an altered infection phenotype. To test this
hypothesis, we transformed strain LT6535 with a construct car-
rying a FLAG-tagged version of PcNmrAL1 (pTOR::FLAG-
PcNMRAL1). An equivalent construct carrying tdTomato instead
of PcNmrAL1 (pTOR::tdTom) was also used to generate trans-
formants that could serve as control lines. We tested multiple
independent transformants for PcNmrAL1 overexpression by
means of qRT-PCR and Western blots. Transformants featuring
the highest level of ectopic PcNmrAL1 expression were chosen for
follow-up experiments (Supplementary Fig. S2). To determine if
overexpression of PcNmrAL1 affected virulence on tomato, we
drop-inoculated detached tomato leaves with spore suspensions of
wild type and pTOR::tdTom and pTOR::FLAG-PcNMRAL1
transformants. Lesion development was assessed at 1, 2, and
3 days postinoculation (dpi). Measurement of P. capsici disease
progression revealed a significant reduction in lesion growth for
our transformant overexpressing PcNmrAL1 when compared with
the tdTomato counterpart and wild-type strain (Fig. 2). In leaves
inoculated with P. capsici overexpressing PcNmrAL1, lesions did
not spread beyond the inoculation droplet at 24 hpi, in contrast to
lesions caused by wild-type P. capsici and strains overexpressing
tdTomato (Fig. 2A). Although lesions caused by our pTOR::
FLAG-PcNMRAL1 line did increase in size over time, they
remained significantly smaller than those caused by wild-type or
the pTOR::tdTom strains throughout the duration of the experi-
ment (Fig. 2B). Critically, equivalent experiments in the LT1534
background gave similar results, suggesting that the observed
PcNmrAL1 overexpression phenotype is robust and strain in-
dependent (Supplementary Fig. S3). We assessed growth rates
of both our wild-type and transformed strains in vitro and found
marginal yet consistent reduction in colony expansion of the
PcNmrAL1 overexpression line in comparison with control lines
Fig. 2. Overexpression of PcNmrAL1 in Phytophthora capsici LT6535 results in reduced symptom development on tomato leaves.A, Lesion appearance over a
time-course infection assay. Leaves were photographed at 1, 2, and 3 days postinoculation (dpi). NI = noninfected/water.B, Lesion diameters measured differed
significantly between the pTOR::FLAG-PcNMRAL1 line with either the wild-type or pTOR::tdTom line at P < 0.0001). Differences in lesion diameter
between the wild-type and pTOR::tdTom lines were less significant (P = 0.969). Data shown are from three replicate experiments consisting of a total of 90
lesion measurements for each treatment. C, Overexpression of PcNmrAL1 also results in reduced biomass in planta at 16 h postinoculation. Quantification of
P. capsici biomass was by quantitative polymerase chain reaction targeting P. capsici tubulin (Phyca11_576734) and normalized against tomato tubulin
(Solyc08g006890.2.1). Values shown are relative to that found in wild-type P. capsici in planta, represented by log2 (fold change) = 0. Data shown are from six
biological replicates consisting of three leaves for each replicate, for each line.
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(wild-type and pTOR::tdTom strains) (Supplementary Fig. S4).
For this reason, we used qPCR to assess the level of P. capsici
biomass at 16 hpi in infected tomato leaf tissue. Comparisons
between our pTOR::tdTom and pTOR::FLAG-PcNMRAL1 lines
revealed a dramatic eightfold reduction in biomass for our
PcNmrAL1 overexpression line (Fig. 2C), indicative of significant
impairment of P. capsici growth in the early stages of infection.
Overexpression of PcNmrAL1 prolongs the expression
of the biotrophy marker gene PcHmp1I.
As PcNmrAL1 is coexpressed with PcHmp1 during infection
in wild-type P. capsici strains, we wanted to determine whether
overexpression of PcNmrAL1 affects PcHmp1 expression or
regulation. To investigate this, we measured PcNmrAL1 and
PcHmp1 expression in pTOR::tdTom and pTOR::FLAG-
PcNMRAL1 lines, during infection at 8, 16, and 24 hpi, by
qRT-PCR and compared these to levels found in wild-type
LT6535. This analysis confirmed overexpression of PcNmrAL1
in our pTOR::FLAG-PcNMRAL1 line as transcript levels were
found to be elevated at every timepoint measured, when com-
pared with wild type (Fig. 3A). Overexpression was specific
and not due to the transformation protocol, as PcNmrAL1 ex-
pression levels in the pTOR::tdTom line closely resembled
those found in our wild-type control (Fig. 3A). We also found
evidence for elevated levels of PcHmp1 transcripts attributable
to PcNmrAL1 overexpression; specifically, levels of PcHmp1
expression were significantly enhanced at 24 hpi when com-
pared with the wild type, in contrast to results obtained with the
control pTOR::tdTom line (Fig. 3B). Collectively, these results
suggest that overexpression of PcNmrAL1 results in the main-
tenance of high PcHmp1 expression levels in the later infec-
tion stages, when abundance of endogenous levels of both
PcNmrAL1 and PcHmp1 transcripts normally decrease. This
maintenance of PcHmp1 levels coupled with the reduced lesion
development on infection may indicate a prolonged biotrophic
phase in the PcNmrAL1 overexpression line. Given the effect of
overexpression of PcNmrAL1 on PcHmp1 expression and dis-
ease progression, we hypothesized that PcNmrAL1 contributes
to the regulation of other infection-related genes.
Overexpression of PcNmrAL1 affects expression
of a large set of genes in P. capsici during infection.
To determine the effect of PcNmrAL1 overexpression on
gene expression in P. capsici, a microarray experiment of a
time course infection over 8, 16, and 24 hpi was performed with
the pTOR::FLAG-PcNMRAL1 overexpression strain in the
LT6535 background. In this experiment, our LT6535 isolate
transformed with pTOR::tdTom was used as a control. The ar-
rays contained P. capsici–specific probes allowing us to measure
the levels of 20,077 transcripts. Statistical analyses aimed at
identifying DEGs during the time course in each strain identified
9,035 and 7,296 genes in our pTOR::tdTom and pTOR::FLAG-
PcNMRAL1 datasets, respectively, confirming extensive tran-
scriptional changes during infection (Supplementary Fig. S5).
Critically, there was significant overlap between our sets as 6,496
genes were differentially expressed in both the pTOR::tdTom
and pTOR::FLAG-PcNMRAL1 lines. Conversely, 2,539 and 800
genes were shown to significantly change only in the pTOR::
tdTom line or the pTOR::FLAG-PcNMRAL1 line, respectively.
These results indicate that i) large-scale changes in gene ex-
pression across our time course are broadly similar between
strains and ii) there may be a significant set of genes for
which expression changes as a consequence of PcNmrAL1
overexpression.
To identify genes that have altered expression due to elevated
PcNMRAL1 levels, we performed DEG analyses between our
strains at the 8-, 16-, and 24-hpi timepoints. These analyses
revealed genes that were differentially expressed, possibly be-
cause of PcNmrAL1 overexpression. Consistent with the ob-
servation that endogenous PcNmrAL1 levels are high in the
earliest stages of infection (at which the impact of over-
expression is smallest) and drops subsequently, DEG analyses
at each timepoint revealed a growing impact of PcNmrAL1
overexpression on the P. capsici transcriptome as infection
progressed to the later stages. A total of 915 genes were af-
fected by PcNmrAL1 overexpression at 8 hpi compared with
5,735 and 4,795 at 16 and 24 hpi, respectively (Fig. 4A; Sup-
plementary File S1). Interestingly, PcNmrAL1 overexpression
resulted in both the induction and repression of P. capsici gene
expression, suggesting a complex role for this protein in
modulating the transcriptome.
Within the genes identified as DEGs in the microarray data
were PcNmrAL1 and PcHmp1, as expected, as well as two
other marker genes, PcCdc14 (Phyca11_510939) and PcNpp1
(Phyca11_11951). From the microarray data, expression of
PcNmrAL1 and PcHmp1 was higher at 16 and 24 hpi in the
PcNmrAL1 overexpression line (Fig. 4B and C), in agreement
with previous qRT-PCR data (Fig. 3). PcCdc14 encodes for a
Fig. 3. Overexpression of PcNmrAL1 prolongs expression of PcHmp1. A,
Expression of PcNmrAL1 and B, PcHmp1 in pTOR::tdTom and pTOR::
FLAG-PcNMRAL1 lines in the LT6535 background in planta during
infection of tomato leaves, measured by quantitative reverse transcription-
polymerase chain reaction. Expression levels shown are relative to wild-
type LT6535, represented by log2 (fold change) = 0. PcNmrAL1 levels
were significantly different between pTOR::tdTom and pTOR::FLAG-
PcNMRAL1 (8 h postinoculation [hpi]: P < 0.01, 16 hpi: P < 0.001, and 24
hpi: P < 0.0001). PcHmp1 levels were significantly different between
pTOR::tdTom and pTOR::FLAG-PcNMRAL1 at 24 hpi (P < 0.0001). Error
bars represent standard error of the means. Data shown is the average of six
biological replicates consisting of three leaves for each replicate, for each
line.
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phosphatase that is expressed during sporulation and for a short
time after germination (Ah Fong and Judelson 2003), whereas
PcNpp1 (Nep1-like protein 1) is expressed during the later
necrotrophic phase (Ah Fong and Judelson 2003; Kanneganti
et al. 2006). In the pTOR::tdTom line, expression of these two
marker genes followed the expected patterns, with PcCdc14
levels decreasing from 8 to 16 hpi and, then, increasing again
between 16 to 24 hpi, whereas PcNpp1 levels increase over time
as infection progresses (Fig. 4D and E; Supplementary Fig. S6A
and B). In comparison, in the pTOR::FLAG-PcNMRAL1 line,
PcCdc14 levels continue to decrease over the time course and
PcNpp1 levels, although increasing over time as seen in the
pTOR::tdTom line, increase at a slower rate (Fig. 4D and E).
The prolonged expression of PcHmp1 coupled with the lower
expression of PcCdc14 and PcNpp1 during the later stages of
biotrophy suggests overexpression of PcNmrAL1 affects the
Fig. 4. Overexpression of PcNmrAL1 results in both induction and repression of gene expression and affects expression of infection-related marker genes. A,
Number of genes that were significantly more up- or down-regulated in the pTOR::FLAG-NMRAL1 line compared with the pTOR::tdTom line in planta at
each timepoint during the time course microarray experiment. The number of genes represented by each bar are shown next to the bars. B, Microarray
expression patterns of PcNmrAL1, C, PcHmp1 (Phyca11_8692), D, PcCdc14 (Phyca11_510939), and E, PcNpp1 (Phyca11_11951) in pTOR::tdTom and
pTOR::FLAG-PcNMRAL1 lines over the time course microarray experiment.
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infection process by extending the biotrophic phase or delaying
the onset of necrotrophy or both.
Differences in gene expression patterns are linked
to PcNMRAL1 overexpression and not solely due
to altered growth in the pTOR::FLAG-PcNMRAL1 line.
Overexpression of PcNmrAL1 leads to a virulence phenotype
with slower lesion growth and reduced biomass production on
tomato (Fig. 2). It is, therefore, possible that the observed dif-
ferences in gene expression are due to either the sampling of
dissimilar infection stages caused by the reduced growth rate or
the observed reduction in biomass for our pTOR::FLAG-
PcNMRAL1 line. To exclude these possibilities and to further
test whether the changes in gene expression seen in the pTOR::
FLAG-PcNMRAL1 line during infection is due to PcNmrAL1
overexpression, we used microarrays and subsequent DEG
analyses to measure, quantify, and compare gene expression
between our strains in mycelia grown in vitro for 24 h. These
analyses revealed 1,907 DEGs, 948 of which were up-regulated
and 959 were down-regulated as a consequence of PcNmrAL1
overexpression (Supplementary File S2). Direct comparisons of
gene lists emanating from our in-vitro and in-planta experiments
revealed 85 and 73% of genes found upregulated in vitro, were
also found up-regulated at 16 and 24 hpi in planta, respectively
(Fig. 5A). Similarly, for the DEGs that were down-regulated in
vitro upon PcNmrAL1 overexpression, 71 and 35% overlapped
with those downregulated in planta at the 16- and 24-hpi time-
points, respectively (Fig. 5A). These results contrasted with
comparisons of DEGs identified at the 8-h timepoint as only 2%
(upregulated) and 6% (downregulated) of the DEGs identified in
vitro were common with DEGs identified at 8 h (Fig. 5A). These
results support the notion i) that transcriptional changes induced
by PcNMRAL1 are genuine and not due to sampling of distinct
life stages, and thus, ii) PcNMRAL1 is a TR, specifying the
expression of P. capsici genes during the early stages of in-
fection, and iii) the regulatory activity of PcNMRAL1 toward
its downstream targets and the consequent changes in their
expression may underpin the observed extension of biotrophy
and delay of necrotrophy.
Previous work in our lab identified 57, 209, and 532 genes as
coexpressed with PcHmp1, PcNpp1, and PcCdc14, respectively
(Jupe et al. 2013). Given the significant overlap between genes
differentially regulated both in planta and in vitro and the observed
changes in infection, we assessed to what extent the expression of
stage-specific genes, as defined by Jupe et al. (2013), are affected
by PcNmrAL1 overexpression in vitro. Direct comparisons of
genes coexpressed with PcHmp1 (biotrophy), PcNpp1 (necrotr-
ophy), and PcCdc14 (sporulation) against PcNmrAL1-regulated
genes in vitro, revealed that 26.7% of biotrophy-associated genes
are induced upon PcNmrAL1 overexpression in vitro, whereas
38.6% of PcNpp1-coexpressed genes are repressed in our in-vitro
experiment (Fig. 5B). These results contrast with those found for
PcCcd14-coexpressed genes, whose expression does not appear to
be affected by PcNmrAL1 (Fig. 5B). Given that few biotrophy-
associated genes appear to be downregulated in vitro and, con-
versely, a small percentage of PcNpp1-coexpressed genes are
induced in these experiments, we surmise that PcNmrAL1 extends
the biotrophic phase by both maintaining the expression of
biotrophy-associated genes and reducing the levels of transcripts
encoding factors required for necrotrophy.
To gain a more general overview of the biological processes
affected by PcNmrAL1 overexpression that could drive prolonged
biotrophy, GO analysis for significantly enriched ontologies was
performed on genes that showed a significantly greater increase in
expression in the pTOR::FLAG-PcNMRAL1 line and which were
common between the in-vitro and in-planta stages (Supplementary
Tables S3, S4, and S5). No significant GO categories were found at
8 hpi. Significant GO categories found at 16 and 24 hpi were very
similar and in support of the hypothesized function of PcNMRAL1
in transcriptional regulation, as over-representation of genes in-
volved in gene expression (GO:0010467), transcription (GO:0006350),
and translation (GO:0006412) were revealed. Interestingly, genes in-
volved in nitrogen compound metabolic processes (GO:006807) were
also enriched for, in addition to several other metabolic and bio-
synthetic processes (Fig. 6). Conversely, in terms of genes that
were found to be significantly downregulated in the pTOR::
FLAG-PcNMRAL1 line and common between the in-vitro and in-
planta stages (Supplementary Tables S6 and S7), only one GO
term, carbohydrate metabolic process (GO:0005975), was found
to be over-represented at 16 hpi, with no significant terms
found at 24 hpi. Overall, our results point toward a role of
PcNMRAL1 in the regulation of gene expression.
Expression of TFs and regulators are affected
by PcNMRAL1.
Given the large transcriptional changes seen in P. capsici
during infection upon overexpression of PcNmrAL1, we expected
to find TFs and TRs among the DEGs. Our analysis revealed
a total of 102 TFs and TRs with altered expression between
the pTOR::tdTom and pTOR::FLAG-PcNMRAL1 lines, with the
largest difference seen at 16 hpi (Fig. 7A). At this timepoint, 85 and
37 TFs and TRs were up- and down-regulated, respectively (Sup-
plementary File S3). The differences seen in the total number of
DEGs and the number of TFs and TRs within these suggest
overexpression of PcNmrAL1 has a significant impact on gene
expression in P. capsici mediated by a number of TFs and TRs.
PcNmrAL1 overexpression alters expression
of effector genes.
The observed reduction in the sizes of lesions caused by
P. capsici lines overexpressing PcNmrAL1 together with the
changes in the expression patterns of a large number of genes,
including marker genes for different stages of infection, suggests
expression of infection-related genes may also be altered. To
investigate this possibility, we looked at the number of RxLR and
crinkler (CRN) effectors within the lists of DEGs at each time-
point. This analysis identified 170 of 508 RxLR effectors and 67
of 234 CRN effectors as DEGs over the time course experiment.
The trend in the number of RxLR and CRN effectors identified as
differing in expression between the PcNmrAL1 overexpression
and control lines at each timepoint was very similar to that seen
with TFs and TRs, with the largest difference between the two
lines seen at 16 and 24 hpi (Fig. 7B; Supplementary File S4).
Interestingly, one of the CRN effectors identified as a DEG
was CRN83_152, which was previously shown to enhance
P. capsici lesion growth when transiently expressed in Nicotiana
benthamiana (Mafurah et al. 2015; Stam et al. 2013). In the
pTOR::tdTom line, CRN83_152 expression increases between 8
and 16 hpi, with the level of expression at 24 hpi similar to that at
16 hpi; in the PcNmrAL1 overexpression line, CRN83_152 ex-
pression was significantly lower at 16 hpi compared with the
control line (Fig. 7C). Another effector identified as a DEG
was PcRxLR516, a homolog of the P. infestans RxLR Pi03192
(PITG_03192), which targets the N-acetyl-l-cysteine TFs NPT1
and NPT2 during infection and is required for full pathogenic-
ity (McLellan et al. 2013). Whereas PcRxLR516 expression is
highest at 8 hpi and decreases over the duration of the experiment
in the control line, expression of this effector does not decrease
until after 16 hpi in the pTOR::FLAG-PcNMRAL1 line (Fig. 7D).
DISCUSSION
P. capsici is a broad host–range pathogen that is able to infect
and cause disease on many economically important crop plants.
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As such, identifying key regulators that drive the infection
process could lead to novel targets, suited for chemical control
of P. capsici and related pathogens on a wide range of host
plants. Our previous work highlighted dramatic transcriptional
changes during P. capsici infection, which has led to the sug-
gestion that its regulation is required for a parasitic lifestyle
(Jupe et al. 2013). If true, perturbing these molecular events
may disrupt or hamper infection-associated processes, thereby
leading to attenuation in virulence. Here, we identified and
characterized a candidate TR called PcNMRAL1. PcNMRAL1
(Phyca11_505845) is related to AnNMRA in A. nidulans and
features an expression pattern that is similar to PcHmp1, a
marker of biotrophy in P. capsici. In fungi, such as A. nidulans
and Neurospora crassa, the function of NMRA-like proteins
has been well-studied and have been shown to act as TRs in-
volved in nitrogen metabolite repression (Andrianopoulos et al.
1998; DeBusk and Ogilvie 1984; Kotaka et al. 2008; Lamb
et al. 2004; Stammers et al. 2001; Xiao et al. 1995). NMRA-like
proteins have also been identified in organisms other than
fungi, such as the social amoeba Dictyostelium discoideum, in
which NMRA-like protein PadA is proposed to act as a positive
TR of cAMP-induced genes (Garciandia and Suarez 2013;
Nu´n˜ez-Corcuera et al. 2008). Given the roles of NMRA-like
proteins in transcriptional regulation in other organisms, we hy-
pothesized that PcNMRAL1 may be an important factor driving
P. capsici infection.
Here, we present evidence that PcNMRAL1 fulfils an important
function required for infection. Overexpression of PcNmrAL1 in
P. capsici resulted in reduced colonization of the host, evidenced
by a lower rate of lesion growth on tomato leaves and a dramatic
reduction in biomass during infection. In addition to a visible
virulence phenotype, qRT-PCR and microarray analyses revealed
altered expression of PcHmp1 and PcNpp1, key infection marker
genes reporting on the biotrophic and necrotrophic infection
Fig. 5.Overexpression of PcNmrAL1 affects a common set of genes both in planta and in vitro and suggests prolonged biotrophy or repressed necrotrophy in planta.
A, Overlap of differentially expressed genes (DEGs) identified by microarray analysis in vitro (mycelia grown in liquid media for 24 h) and in planta during a time
course infection assay. The number of common DEGs (i.e., genes significantly up- or downregulated in the pTOR::FLAG-PcNMRAL1 line compared with the
pTOR::tdTom line) between the in vitro and in planta stages are presented as a percentage of the total number of DEGs at the mycelial stage grown in vitro. B,
Percentage of biotrophy (n = 58), necrotrophy (n = 210), and sporulation (n = 533) genes induced or repressed by PcNMRAL1 grown in vitro. Genes associated
with the specific stages of infection were as described by Jupe et al. (2013). Figures next to bars are the number of genes represented by the bars.
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phases, respectively, suggesting extension of biotrophy and a delay
in the onset of necrotrophy. Consistent with a role in gene regu-
lation and infection, we identified a substantial number of genes
that may be direct or indirect targets of PcNMRAL1. Microarray
analysis of infection time courses for pTOR::tdTom and the
pTOR::FLAG-PcNMRAL1 lines revealed that PcNmrAL1 over-
expression leads to substantial changes in gene expression at the
later stages of infection, when endogenous PcNmrAL1 expression
is normally down-regulated. By performing equivalent experi-
ments on our strains grown in vitro, we were able to demonstrate
that for the majority of possible target genes, differential gene
expression seen in planta was not caused by a reduction in growth
rate but was due to PcNmrAL1 overexpression. These results re-
iterate a role for PcNMRAL1 in gene regulation and suggest
that, by controlling transcriptional programs, this protein drives
developmental processes required for disease progression. Strong
support for this hypothesis emanates from the observation that
PcNmrAL1 overexpression leads to the induction of biotrophy-
associated genes while suppressing necrotrophy-associated genes in
mycelia grown in vitro. These dual activities explain the observed
reduction in virulence and extension of the biotrophic phase.
As the DEGs identified at 16 and 24 hpi are potentially
PcNMRAL1-regulated genes, we performed GO analysis for
enriched ontologies to identify the biological processes regulated
by PcNMRAL1. This analysis revealed an over-representation
of ontologies relating to gene expression (GO:0010467),
transcription (GO:0006350), and translation (GO:0006412).
This is in agreement with the large number of TFs and TRs
identified as DEGs at these timepoints, suggesting that
PcNMRAL1 modulates transcription of infection-related genes
by regulating the expression of other TFs and TRs. Interestingly,
a number of ontologies related to nitrogen compound meta-
bolic processes (GO:006807) and other metabolic and
biosynthetic processes were also over-represented in our
analyses, suggesting that, by modifying the expression of meta-
bolic genes, PcNMRAL1 integrates pathogen growth and develop-
ment in response to external cues. These results would be consistent
with observations made in plant-pathogenic fungi, in which nitrogen
metabolism has been linked to the regulation of infection-related
genes. For example, in Magnaporthe oryzae, the causal agent
of rice blast, three NMRA-like proteins, namely, NMR1, NMR2,
and NMR3, have been shown to act as transcriptional corepressors
of pathogenicity (Wilson et al. 2010, 2007). It is hypothesized
that, in response to the change in nutrient availability in planta, a
NADPH-dependent genetic switch is triggered in M. oryzae,
involving the inactivation of NMR1, NMR2, and NMR3, leading
to derepression of the essential virulence gene SPM1 (a vacuolar
serine protease involved in sporulation and appressorial devel-
opment) and the plasma membrane protein PTHII (required for
host recognition and appressorium differentiation) (DeZwaan
et al. 1999; Fernandez et al. 2012; Mathioni et al. 2011; Wilson
et al. 2007, 2010).
Fig. 6. Summary of ontologies significantly increased in differentially expressed genes (DEGs) shared between in-vitro (mycelia grown in liquid media for
24 h) and in-planta (16 and 24 h postinoculation [hpi]) stages. Data shows the percentage of the DEGs identified by microarray analysis with a given ontology.
Background represents the percentage of all Phytophthora capsici genes with associated gene ontology terms with the same ontology.
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Nitrogen sensing and metabolism has also been linked to
virulence in Fusarium oxysporum, F. graminearum, and Cla-
dosporium fulvum, indicating the ability to sense nitrogen
availability within the host plant mediates infectious growth
(Lo´pez-Berges et al. 2010; Pe´rez-Garcı´a et al. 2001). Given this
link between nitrogen metabolism and pathogenicity in fungi, it
is possible that PcNMRAL1 acts in a pathway linking nutri-
tional status to the infection process in a similar manner in
P. capsici. A previous study by Judelson et al. (2009) found
evidence suggesting that P. infestans adapts its metabolism
in response to nutrient availability. In addition, P. infestans
appears to regulate the transition from biotrophy to necrotrophy
by coordinated expression of effector proteins that suppress cell
death, such as SNE1, and secreted proteins that induce cell death,
such as PiNPP1.1 (Kelley et al. 2010; Lee and Rose 2010). This
suggests Phytopthora spp. are able to sense and signal nutrient
availability in planta. In our study, altered expression of several
effector proteins was seen upon overexpression of PcNmrAL1,
including CRN83_152 and PcRxLR516. CRN83_152 was pre-
viously shown to enhance P. capsici lesion growth (Stam et al.
2013), and its reduction in expression at 16 hpi in the pTOR::
PcNMRAL1 line is consistent with the reduction in lesion de-
velopment observed here. PcRxLR516, a homolog of P. infestans
Pi01392, exhibited extended expression in the PcNmrAL1
overexpression line. In P. infestans, silencing of Pi01392 was
shown to reduce pathogenicity (McLellan et al. 2013). Whether
or not PcRxLR516 has a similar function to Pi01392 and how
the change in expression of this effector contributes to the in-
fection phenotype observed is unknown. We hypothesize that
the appropriate and coordinated expression of multiple effector
proteins, in addition to their individual functions, is required
for proper progression through the infection cycle and that
regulators such as PcNMRAL1 play an important role in this
process.
We have demonstrated that PcNMRAL1 is expressed at the
earlier stages of infection, modulating the expression of factors
that impact virulence, metabolism, and stage-specific gene ex-
pression. The effect of silencing or gene knockout of PcNmrAL1
on P. capsici virulence and gene expression in planta would
provide more insight into the function of PcNMRAL1 during
infection. We have been unsuccessful in silencing PcNmrAL1
in P. capsici and, given the very low levels of homologous
recombination that occurs in Phytophthora spp., generation of
targeted gene knockout mutants by classical gene disruption
methods is difficult (Kamoun 2003). The use of an alternative
method for targeted gene disruption using the CRISPR/Cas9
system has been successfully demonstrated in P. sojae (Fang
and Tyler 2016), which we are currently optimizing for use in
P. capsici. Successful generation of P. capsici strains carrying
(homozygous) deleterious mutations in PcNmrAL1 should allow
further assessment of PcNMRAL1 contribution toward infection.
Another critical step in understanding PcNMRAL1 function
would be to define the mechanism by which PcNMRAL1 ach-
ieves gene regulation on the scale observed in our work. In fungi,
Fig. 7. Overexpression of PcNmrAL1 affects expression of many transcription factors (TFs), transcriptional regulators (TRs), and effectors. A, Data are
presented as the number of TFs and TRs identified by microarray analysis as differentially expressed genes (DEGs) that were more significantly up- or down-
regulated in the pTOR::FLAG-PcNMRAL1 line compared with the pTOR::tdTom line. B, Number of RxLR and crinkler (CRN) effectors identified by
microarray analysis as DEGs that were more significantly up- or down-regulated in the pTOR::FLAG-PcNMRAL1 line compared with the pTOR::tdTom line.
Figures next to bars are the number of genes represented by the bars. C, Microarray expression patterns of CRN83_152 and D, PcRxLR516 in pTOR::tdTom
and pTOR::FLAG-PcNMRAL1 lines over the time course experiment. hpi = h postinoculation.
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NMRA-like proteins appear to affect gene expression through
physical interaction with GATA-type TFs (Andrianopoulos et al.
1998; Charoensawan et al. 2010; Kotaka et al. 2008; Lamb
et al. 2004) and, in A. nidulans, expression of AnNMRA is anti-
correlated with expression of the GATA-type TFAREA transcript
(Wong et al. 2007). GATA-type TFs contain at least one GATA
zinc finger/DNA-binding domain consisting of four cysteine
residues and a basic terminal domain (Scazzocchio 2000). A
PFAM search, however, failed to identify GATA-type TFs in
P. capsici. This indicates that, although the processes regulated
by PcNMRAL1 bear resemblance to those found in fungi, the
mechanisms and factors that help achieve target gene regulation
are likely to be different. In this context, it is worth noting that
PcNMRAL1 overexpression leads to both induction and repres-
sion of P. capsici gene expression, suggesting engagement of
PcNMRAL1 with both positive and negative regulatory factors
specifying gene expression. Taken together, our results indicate
that the function of NMRA-like proteins in Phytophthora spp. and
any interacting partners may have diverged. In support of func-
tional divergence of NMRA-like proteins, the NMRA-like protein
PadA inDictyostelium discoideum also appears to act as a positive
regulator and is needed for full expression of the cAMP receptor
CarA and normal development (Garciandia and Suarez 2013). In
Cryptococcus neoformans, the NMR homolog TAR1 can act as
either a positive or negative regulator, dependent on the type of
nitrogen source available (Lee et al. 2012).
As PcNMRAL1 function is not likely to be mediated through
interaction or modulation of a GATA-type TF, the next step
would be to identify PcNMRAL1-interacting partners and the
promoter binding sites of TFs regulated by PcNMRAL1. Achieving
these objectives would allow us to unravel the mechanism by
which this protein regulates gene expression during infection.
Our data suggests that PcNMRAL1 mediates the biotrophy to
necrotrophy transition and, thus, represents a novel factor that
may drive the Phytophthora disease cycle on crops. This study
provides a first insight into the mechanisms that regulate infec-
tion and transcription in Phytophthora spp. and provides a robust
platform for further studies aimed at disabling pathogenesis and
preventing crop losses.
A more thorough understanding of this and its related pro-
teins within Phytophthora spp. or presence in other oomycete
pathogens may help provide a rationale for targeting this pro-
tein and its allied processes in novel disease control strategies.
MATERIALS AND METHODS
Plant material, growth of P. capsici, inoculation
of leaf material, and sample collection.
P. capsici–susceptible tomato plants (S. lycoperisum cv.
Moneymaker) were grown in a greenhouse at 22 to 25C with
16 h of light. P. capsici strains (LT6535 and LT1534) were grown
on V8 agar medium in the dark at 25C for 3 days and, sub-
sequently, at 22C in the light to induce sporangia formation. To
harvest sporangia and induce zoospore release, plates were
flooded with ice-cold water, were agitated with a plate spreader
to dislodge sporangia, and the sporangia suspension was in-
cubated at 22C in the light until motile zoospores were released.
Zoospores were diluted to a concentration of 1 × 105 spores ml
_1
and were used to inoculate 4- to 5-week-old detached tomato
leaves by placing 20-µl droplets onto the abaxial surface.
Leaves were kept in a box lined with moist tissue, to create a
humid environment, and were incubated at 22C with a 16-h
photoperiod, for the duration of the experiment. For lesion
measurements, the diameter of the lesion was measured with a
ruler.
For RNA or protein extraction from infected leaf tissue, leaf
discs containing the inoculation site were collected using a core
borer (5 mm diameter) and were flash frozen in liquid nitrogen
before extraction.
Generation of tdTomato and
FLAG-PcNMRAL1 overexpression constructs.
The full-length PcNmrAL1 gene (Phyca11_505845) was
cloned with an N-terminal FLAG tag (DYKDDDDK) into
vector pTOR (GenBank: EU257520.1). pTOR contains the
ham34 promoter and the nptII gene conferring resistance to
geneticin in P. capsici. Primers FLAG_PcNmrAL1_F (59-
GACTACAAAGACGATGACGACAAGGTCAAGTACGTTC
TCACTG-39) and PcNmrAL1_XbaI_R (59-TGCTTATCTAG
ATTACTGGTTCTTGGGGAAGATC-39) were used to amplify
full-length PcNmrAL1 with the N-terminal FLAG tag (under-
lined) and a C-terminal XbaI restriction site (in italics), re-
spectively. The PCR product was then used as template for
primers ClaI_FLAG_F (59-TAAGCAATCGATACCATGGACT
ACAAAGA-39) and PcNmrAL1_XbaI_R to introduce an N-
terminal ClaI site (in italics) upstream of the FLAG tag. The
PCR product was then cloned between the ClaI and XbaI sites
of pTOR, using the InFusion HD cloning kit (Clontech). The
resulting construct was named pTOR::FLAG-PcNMRAL1.
P. capsici strains were also transformed with a pTOR::tdTom
construct that expresses the fluorescent tdTomato protein.
Transformation of P. capsici protoplasts.
P. capsici strains LT1534 and LT6535 were transformed with
the constructs, using a modified protoplast transformation
method by Judelson et al. (1991). Sporangia collected from
P. capsici grown on V8 agar plates, as described above, were
filtered through a 60-µm mesh and were used to inoculate
amended lima bean broth containing ampicillin at 50 µg ml
_1
and rifampicin at 10 µg ml
_1. Cultures were incubated in the
dark at 25C overnight. Mycelia were collected and digested
with, per milliliter, 5 mg of lysing enzyme from Trichoderma
harzianum and 2 mg of cellulase from Trichoderma reesi (Sigma-
Aldrich). Protoplasts were collected by filtering through a 30-µm
mesh and centrifuging at 700 × g for 4 min. Protoplasts were
washed once with KC solution (0.64 M KCl, 0.2 M CaCl2),
once with a 1:1 mixture of KC-MT20 solution (1 M mannitol,
20 mM CaCl2, 10 mM Tris-HCl, pH 7.5), and once with
MT20 solution. Protoplasts were resuspended in MT10 solution
(1 M mannitol, 10 mM CaCl2).
Protoplasts were added to 50 µg of plasmid DNA mixed with
lipofectin (Invitrogen) and were left to stand for 5 min be-
fore the addition of polyethylene glycol (PEG) solution (50%
[wt/vol] PEG 3350, 10 mM CaCl2, 10 mM Tris-HCl, pH 7.5).
After allowing the protoplast-PEG mixture to stand for another
5 min, 10 ml of V8 sucrose mannitol (V8 medium supple-
mented with 1 Mmannitol and 2% [wt/vol] sucrose) was added,
and then, a further 12 ml of V8 sucrose mannitol was added
with ampicillin to a final concentration of 50 µg ml
_1. Protoplasts
were left to regenerate for 48 h, were plated onto V8 agar
media containing 50 µg of geneticin per milliliter to select for
transformants, and were incubated in the dark at 25C.
Confirmation of transformants.
Transformants carrying the pTOR::FLAG-PcNMRAL1 con-
struct were confirmed by qRT-PCR and Western blot. Material
for both assays was generated from mycelial tissue grown in pea
broth for 2 days in the dark. Overexpression of PcNmrAL1 was
confirmed by qRT-PCR, as described below.
Proteins were extracted in GTEN buffer (10% [vol/vol] glyc-
erol, 25 mM Tris-HCl, pH 7.5, 1 mM EDTA, 150 mM NaCl),
supplemented with 2% polyvinylpolypyrrolidone, 10 mM dithio-
threitol, and 1× protease inhibitor, and were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis. Proteins were
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then transferred to 0.2-µM polyvinylidene diflouride membrane
(Bio-Rad). Expression of FLAG-PcNMRAL1 protein was con-
firmed by Western blot probed with Oct-A probe conjugated
with horseradish peroxidase raised in mouse against the
FLAG tag (Santa Cruz Biotechnology) and was visualized by
chemiluminescence using SuperSignal West Femto maximum
sensitivity substrate (Thermo Scientific).
qRT-PCR and qPCR.
For quantification of gene expression, RNA was extracted
using an RNeasy kit (Qiagen) following manufacturer’s in-
structions, and cDNA was generated by reverse transcription,
using Super Script III reverse transcriptase (Invitrogen) with
Oligo(dT) 15 primer (Promega). qRT-PCR was performed us-
ing FastStart universal probe master (Rox) (Roche). Gene ex-
pression levels were calculated relative to either expression in
the control line or at the first timepoint, using the cycle thresh-
old (DDCT) method. Primers used for detection of PcNmrAL1
were PcNmrAL1-F: 59-GAGGAGCTCCCGTTCCTG-39 and
PcNmrAL1-R: 59-CCAGACCGGAAGCGTAGA-39 with UPL
probe #131. Expression levels of PcNmrAL1 were normalized
against P. capsici tubulin. Primers used for detection of P. capsici
tubulin (Phyca11_576734) were PcTub-F: 59-GCAATACCAGG
ATGCTACCG-39 and PcTub-R: 59-CATCTCGTCCATCTCCT
CGT-39 with UPL probe #63.
For quantification of P. capsici biomass in planta, tomato
leaves were infected with 10-µl droplets of P. capsici zoospores
as described above. Leaf discs, 10 mm in diameter, containing
the inoculation site and surrounding tissue were harvested at
16 hpi with a core borer; each biological replicate consisted of
four leaf discs from three leaves, for a total of 12 leaf discs per
sample. DNA was extracted using Qiagen DNeasy kit follow-
ing manufacturer’s instructions. The ratio of P. capsici tubu-
lin detected against tomato tubulin was used as a measure of
P. capsici biomass. Tomato tubulin (Solyc08g006890.2.1) was
detected using primers TomTub_F: 59-CATGGCTTGCTGTC
TCATGT-39 and TomTub_R: 59-CCACAGCAGCATTAACA
TCC-39 with UPL probe #9.
Statistical analysis.
Statistical significance of differences in lesion sizes and gene
expression as measured by qRT-PCR were determined using
the R packages nlme (Pinheiro et al. 2016) for linear effects
models and multcomp (Hothorn et al. 2008) or lsmeans (Lenth
2016) to calculate Tukey contrasts.
Microarray of time course infection assays
and in vitro tissue.
For in planta tissue, tomato leaves were inoculated with
P. capsici zoospores (LT6535 background) and leaf discs
collected as described above at 8, 16, and 24 hpi. Each biological
replicate consisted of a total of eight leaf discs collected from
two leaves.
For in vitro tissue, pea broth was inoculated with P. capsici
zoospores and was collected after 24 h of growth in the dark.
Experiments were repeated three times to give three biological
replicates for each sample. RNA was extracted from samples
using Qiagen RNeasy RNA extraction kit, following manu-
facturer’s instructions. The microarray experiment was per-
formed using customized 8×60k Agilent array slides (details
below). The predicted transcripts of P. capsici (LT1534 v11)
(Lamour et al. 2012a), supplemented with 234 CRN and 508
RxLR effectors predicted in-house (Lamour et al. 2012b; Stam
et al. 2013), were used to generate probe sets with Agilent eArray
software. Redundant genes were replaced using in house–generated
Python scripts. Four copies of each probe were hybridized to
each array as described by Jupe et al. (2013).
Analysis of microarray data.
Microarray data were quantile normalized between all arrays,
and DEG analysis was carried out using the R package Limma
(Ritchie et al. 2015; Smyth 2004). Raw data are available at
ArrayExpress (accession E-MTAB-5620). Between-array weights
were calculated using arrayWeights (Ritchie et al. 2006) and
between duplicate spots correlation were calculated using
dupcor (Smyth et al. 2005). A total of 25% of the lowest
expressed probes were removed before DEG analysis, as
below. Within each P. capsici line, genes were classed as
differentially expressed if expression of a gene significantly
changed between at least two of the timepoints sampled. This
was determined using lmFit and eBayes with Benjamani and
Hochberg multiple testing correction (P < 0.005). These
DEGs were used to look for coregulated genes in each line,
using Pearson correlation, as described below.
Genes differentially expressed in the pTOR::FLAG-PcNMRAL1
line compared with the pTOR::tdTom line were also determined,
using lmFit and eBayes with Benjamani and Hochberg multiple
testing correction (P < 0.005). In this case, genes were classed as
differentially expressed at a timepoint if it was significantly more
up- or down-regulated in the pTOR::FLAG-PcNMRAL1 line
compared with the control pTOR::tdTom line.
To look for genes coregulated with a specified marker gene in
each line, similarities in gene expression profiles of DEGs were
calculated using Pearson correlation in R, and expression data
was extracted based on a minimum Pearson correlation of 0.95.
GO analysis of DEGs for over-represented biological processes
was carried out using agriGO with a singular enrichment strategy
(Du et al. 2010). Significance was tested using Fisher’s exact test
at P< 0.05, with Benjamini and Hochberg multiple correction,
and results were reported with generic GO slim.
Data access.
The microarray data generated during the current study are
available in the ArrayExpress depository under accession E-
MTAB-5620 and the experimental design and probe sequences
under A-MTAB-610. Scripts used for normalization and DEG
analysis can be found at GitHub.
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